Background and aims Epidemiological data clearly indicate that cigarette smoking is associated with an increased risk for developing chronic pancreatitis and pancreatic cancer. Despite of this clear epidemiological correlation, cigarette smoke-induced pancreatic damage has only been investigated in a small number of experimental studies. Methods Experimental studies examining the effect of cigarette smoke or cigarette smoke constituents on the pancreas were reviewed. Results Recent data indicate that smoking also induces chronic pancreatic inflammation in rodents within a period of 12 weeks upon exposure with environmental cigarette smoke. Supported by the finding that morphologic pancreatic damage is also induced by nicotine treatment, cigarette smoke-induced pancreatic damage is likely to be caused by a disturbance of regulation of exocrine pancreas. The morphological alterations, however, induced by nicotine, are less pronounced and therefore, other substances and pathophysiologic mechanisms, such as carcinogen action or cigarette smoke-induced reduction of anti-protease activity, are likely to aggravate pancreatic damage upon cigarette smoke inhalation.
Introduction
The decrease in popularity of cigarette smoking in many countries put a hold on the rise in pancreatic cancer mortality observed over decades [1] [2] . This correlation between cigarette smoking and pancreatic cancer has been observed in many epidemiological studies, thus confirming cigarette smoking as the only avoidable risk factor for the development of pancreatic cancer subsequently allowing the speculation that an instant smoking cessation could lead to a 15% reduction of pancreatic cancer cases [3] [4] [5] .
Despite this strong epidemiological correlation between pancreatic cancer incidence and cigarette smoking, the molecular mechanisms responsible for this observation only have been investigated in a small number of experimental studies or clinical trials which are related to substantial technical difficulties arising when attempting to study cigarette smoke-related pancreatic alterations. In clinical studies, environmental carcinogens inducing detectable carcinogen levels also in non-smokers together with low concentrations of carcinogen or carcinogen adducts require a large number of patients to be examined, leaving most studies with non-significant results [6] . In spite of unlimited amounts of specimens, experimental studies are hampered by two facts. First, experiments in rodents lack a clinical parallel because of the fact that patients usually are exposed to cigarette smoke over a period of many years, mostly over many decades. This type of exposure cannot be simulated in rodents with a life expectancy of approximately 2 years and consequently the doses of cigarette smoke applied experimentally are higher than in humans, suggesting that acute toxicity of cigarette smoke prevails over chronic carcinogenic events. A second difficulty in experimental studies is the fact that even though somewhat standardized by the use of standard cigarettes, cigarette smoke has to be generated immediately before use and is a mixture of thousands of different chemicals interacting in their actions [7] . Therefore, it is almost impossible to identify one substance responsible for one specific action because of the likely interactions of different chemicals, an uncomfortable situation for basic scientists. As a consequence, most studies either investigated the biological effect of tobacco smoke-derived substances with carcinogenic potential on the pancreas or investigated pancreatic alterations induced by pharmacologically active substances such as nicotine [8] [9] [10] . This strict separation of carcinogenic events from interference with regulatory events however, has to be undertaken with caution because recent studies indicate that carcinogenic substances as for instance 4-(methylnitrosamino)-1-(3-pyridil)-1-butanone (NNK) also exert widespread pharmacological actions [11] . Nevertheless, by treating animals either with nicotine or tobacco-derived carcinogens, adverse effects of both components of cigarette smoke on the pancreatic gland have been clearly documented.
The carcinogenic potential of single tobacco-derived carcinogens has been shown in a number of rodent models. NNK, a nicotine dependent carcinogen which is formed during the curing process of tobacco, increases the rate of pancreatic ductal adenocarcinoma development in F344 rats [12] [13] . BOP, a second tobacco smoke-related carcinogens also induce pancreatic adenocarcinomas of ductal phenotype in Syrian gold hamsters and the implantation of dimethylbenzanthracene (DMBA) crystals in the pancreatic head region of mice [14] . In the case of DMBA, crystal implantation time-course studies throughout pancreatic carcinogenesis even demonstrated that the initial steps in pancreatic carcinogenesis are induced by a rapid transdifferentiation of pancreatic acinar, ductal, and islet cells to tubular complexes resembling possible precursor lesions for the subsequently developing malignancy [15] . Experimentally, tobacco-derived carcinogens have therefore demonstrated their carcinogenic effects on the pancreas, the doses applied and necessary for cancer induction, however, are unlikely to be reached by cigarette smoke inhalation in humans.
In addition to these carcinogenic events, the pharmacologically active substance nicotine contained in cigarette smoke has shown to induce morphologic pancreatic alterations as well [10, 16] . The mechanism by which nicotine relays its effects on the pancreatic gland is believed to be mediated by nicotinergic acetylcholine receptors, which are ubiquitously expressed and are also involved physiologically in the regulation of pancreatic enzyme secretion [17] . As a consequence, treatment of animals with high doses of nicotine induced significant disturbances of pancreatic enzyme secretion and even induced acinar cell damage independent of the route of application [18] [19] [20] . In spite of convincing data concerning pancreatic damage, treating animals with nicotine or with tobacco-derived carcinogens, however, did not resemble a situation comparable with the clinical situation where a subject is exposed to thousands of chemicals contained in cigarette smoke and where these substances enter the organism by inhalation.
Cigarette smoke-induced pancreatic inflammation
To gain a more realistic view on cigarette smoke-induced pancreatic alterations, pancreatic pathology was investigated after cigarette smoke exposure of rats to environmental tobacco smoke [21] [22] . Environmental tobacco smoke is a defined mixture of side-and mainstream smoke, two types of tobacco smoke that differ substantially in their composition mostly because of different burning temperatures. Sprague Dawley rats were treated in groups of 12 animals with smoke from either one or two 1R4F filtered reference cigarettes for 70 min twice a day over a period of 3 months. The smoke exposure was monitored by quantifying the total suspended particulate manner (TSP) of the aerosol by an air sampler. The average doses applied were 100 mg/m 3 TSP for animals treated with the smoke from one cigarette and 160 mg/m 3 TSP for animals treated with the smoke of two filter cigarettes. An additional set of animals was sham treated without smoke exposure. The exposure to cigarette smoke was further monitored by blood cotinine determinations, a metabolite of nicotine exhibiting a longer halflife than nicotine itself. Serum cotinine concentrations were 145±7.88 ng/ml in animals treated with the smoke of one cigarette and was further increased to 210.00±17.3 ng/ml in animals exposed to the smoke of two 1R4F cigarettes. Cotinine could also be detected in the pancreas of animals treated with 160 mg/m 3 TSP cigarette smoke, while because of the short half-life of nicotine and the 12-h time span between the final smoke exposure and the termination of the experiment, nicotine itself was not detected.
In 58% of the animals treated with two filter cigarettes twice a day over a period of 12 weeks, histomorphologic pancreatic damage was detected, while in animals subjected to 100 TSP twice daily or sham-treated animals, pancreatic histomorphological lesions were not detected. Cigarette smoke exposure induced two types of pancreatic lesions. The most frequently seen pancreatic lesion was character-ized by a focal increase in extracellular matrix with subsequently decreased acinar structures. These lesions were typically confined by sharp borders frequently following the anatomical lobular structure. In addition to the increase in extracellular matrix, infiltrating cells were identified as immune cells by CD45 positive staining. These changes were of focal nature, while adjacent pancreatic tissue was morphologically unaffected. The occurrence of these lesions was low, and less than 5% of the overall pancreatic tissue was affected. Apart from these lesions, less conspicuous lesions characterized by a predominance of infiltrating TGF beta positive immune cells were observed and were interpreted as precursor lesions of inflammatory origin. The reorganization of acinar cells to connective tissue was verified by an up-regulation of procollagen type I RNA in animals displaying histomorphologic alterations when compared to animals treated with 160 TSP cigarette smoke with normal pancreatic histology. Along with pancreatic acinar cell damage, an induction of inflammatory mediators was observed. Macrophage inflammatory protein 1 alpha, a protein involved in chemotraction of macrophages, was induced in animals with morphologic pancreatic lesions, while expression was low or not detectable in the pancreata of animals treated with two cigarettes twice a day not showing altered histology [23] . Similar expression profiles were detected for interleukin 1 beta, a molecule expressed by acinar cells and immune cells which is involved in the first line of immune response [24] and transforming growth fact beta 1 indicating the involvement of TGF beta in reorganization of the pancreatic acinar tissue [25] . These data indicated that the inhalation of cigarette smoke induces an ongoing pancreatic inflammatory process related to transforming growth fact beta leading to acinar cell destruction with reorganization of circumscribed areas of the exocrine pancreas to connective tissue.
Cigarette smoke-induced alterations of digestive enzymes
Cigarette smoke-induced alterations and destruction of acinar cells was supported by the up-regulation of pancreatitis-associated protein 1 (PAP1) in animals treated with 160 TSP cigarette smoke. This gene product resembles a stress-induced protein exerting anti-inflammatory properties in acute pancreatitis, and PAP1 is aberrantly expressed by acinar cells upon cellular stress [26] . Furthermore, PAP1 is believed to form protein plugs when interacting with active digestive enzymes potentially sealing leaks of smaller pancreatic ducts in acute pancreatitis [27] . For cigarette smoke-induced pancreatic damage, the formation of protein precipitates, however, could explain the focal nature of the histological alterations observed in cigarette smoke-induced pancreatic damage, especially when PAP1 is secreted by damaged acinar cells and subsequently protein precipitates form in smaller duct interrupting the downstream drainage of pancreatic juice. By this mechanism, a vicious cycle of reduced drainage induced by already damaged acinar cells would be entered, therewith aggravating the acinar cell damage of the affected pancreatic segment.
The initial acinar cell stress induced by cigarette smoke inhalation was most likely based on a disturbance in the regulation of pancreatic digestive enzymes in relation to their secreted anti-proteases exerting protective properties [21] . Especially profound were alterations of trypsinogen regulation because trypsinogen is the key enzyme secreted by the pancreas and because trypsin has the ability to activate all other pro-enzymes after being activated by enterokinase or after auto-activation. Subsequently, the already high expression of trypsinogen in the pancreas, which is because of its nature of being a secreted protein of an exocrine gland, was further up-regulated in rats treated with 160 TSP cigarette smoke over a period of 12 weeks. A likewise observation was made for chymotrypsinogen even though for chymotrypsinogen, the up-regulation was less pronounced. Interestingly, the up-regulation of trypsinogen and chymotrypsinogen was less pronounced in animals showing histomorphological inflammatory pancreatic lesions, which parallels the observation already made in acute pancreatitis where the initiation of acinar cell damage rapidly decreases the release of digestive enzymes from isolated acini [28] .
In addition to the increased expression of digestive enzymes, the expression of pancreas-specific trypsin inhibitor (PSTI), a protein preventing premature auto-activation of trypsinogen, remained unaltered upon cigarette smoke exposure [21] . This induced an imbalance of trypsinogen and PSTI expression in the pancreata of animals treated with cigarette smoke, inducing a shift toward increased expression of proteases. Furthermore, pancreatic trypsin and chymotrypsin activity of pancreatic cell lysates was decreased, indicating increased secretion of digestive enzymes in animals exposed to cigarette smoke [22] . These data indicate that cigarette smoke inhalation induces an increased turnover of pancreatic digestive enzymes, however, simultaneously, does not induce an up-regulation of protective anti-proteases, suggesting an increased vulnerability of the pancreas toward auto-digestion.
Influence of cigarette smoke on proteases and anti-protease activity
In addition to the altered ratio of protease to anti-protease secretion, other mechanisms could account for the induction of acinar cell damage and focal pancreatic inflamma-tion by cigarette smoke inhalation. A cigarette smokeinduced increase in the rate of trypsin auto-activation or a reduction in anti-protease activity in pancreatic juice is also likely. The importance of the equilibrium of trypsin activity to anti-protease activity has been underlined by the understanding of genetic mutations in hereditary pancreatitis where both mutations of cationic trypsinogen gene (PRSS1) and mutations of its anti-protease serine protease inhibitor, Kazal type 1 (SPINK1), result in increased pancreatic trypsin activity, and where both mutations are associated with disease [29] [30] . Biochemical analysis of PRSS1 mutations revealed, for the two most common mutations, an increased trypsin activity. For the R122H mutation, increased trypsin activity is mediated by an increased stability, preventing physiologic autolysis, and for the N29I, mutation is related to enhanced trypsin autoactivation [31] [32] [33] . A similar clinical appearance is observed with SPINK1 mutations, which are also associated with hereditary chronic pancreatitis [34] , even though the most frequently found N34S mutation does not influence anti-protease activity of SPINK1 [35] . While to date the mechanism of the N34S mutation has not been resolved, less-frequent SPINK1 mutations seem to be related to chronic pancreatitis by inducing an altered secretion with cellular retention of this anti-protease within acinar cells [36] [37] [38] [39] . In mutation analysis studies of hereditary pancreatitis, the importance of the ratio between tryptic activity and anti-protease activity is further underlined by observations that the G191R mutation of anionic trypsinogen (PRSS2), which introduces an additional tryptic cleavage site with complete loss of enzymatic activity of PRSS2, induces a protective effect for developing chronic pancreatitis [40] .
Similar to hereditary chronic pancreatitis, the balance of protease and anti-protease activity is altered chronically by cigarette smoke inhalation [21, 41] , which is most likely induced by several components of cigarette smoke. For one, an altered regulation of pancreatic enzyme synthesis and secretion but also direct interactions of cigarette smoke constituents with anti-proteases, are probable mechanisms. Even though so far uninvestigated for pancreatic antiproteases, studies undertaken with leukocytary protease activity and pulmonary protease activity indicate that a direct inhibition of anti-protease activity might play a pivotal role also in the occurrence of pancreatic damage. Upon cigarette smoke inhalation, alpha-1 antitrypsin and alpha 1 proteinase inhibitor activity in tissue homogenates has been shown to be decreased by cigarette smoke components [42] [43] . The inhibition of anti-protease activity was induced by decreased association rates of antiproteases with proteases such as neutrophil elastase. Subsequent biochemical studies revealed that cigarette smoke-induced oxidative damage contributes substantially to anti-protease inactivation, because radical scavenges, such as glutathione and ascorbic acid, reduced these effects [44] [45] . Experimentally, cigarette smoke-induced damages to anti-proteases increased the susceptibility of anti-proteases to be cleaved by proteases, further promoting a dysbalance between proteolytic and anti-proteolytic activity, because leukocyte elastase, the proteolytic counterpart, was less susceptible to inactivation by cigarette smoke components [46] [47] . These mechanism could account for the decreased serum tryptic inhibitory capacity found in smokers and animals exposed to cigarette smoke and are likely to contribute to pancreatic damage [41, [48] [49] .
Cigarette smoke-induced regulatory events
Another pathogenetic mechanism where cigarette smoke mediates adverse effects on the pancreatic gland is the disturbance of pancreatic regulation. Cigarette smoke inhalation induced an increased expression and secretion of digestive enzymes. One possible mechanism by which these events could be mediated is the induction of CCK-A receptor expression. This receptor is physiologically responsible for stimulating enzyme synthesis and secretion of pancreatic digestive enzymes. Animals treated with 160 mg/m 3 TSP environmental cigarette smoke over a period of 3 months showed an up-regulation of CCK-A by 15% [21] . The mechanisms underlying this observation are somewhat unclear, but nicotine has also been shown to induce pancreatic damage, which is most likely induced by influencing regulatory mechanisms. In these studies, nicotine induces acinar cell damage, which is characterized by cell swelling, vacuolization, and nuclear condensation as signs of morphologic pancreatic damage [19] . Interestingly, the influence of nicotine on the physiologic regulation of pancreatic enzyme secretion depends on the duration of nicotine exposure, indicating long-term effects occurring in addition to acute toxic effects [16, 18] . Short term in vitro nicotine exposure induced an increased amylase release without stimulation, while the secretion upon stimulation with CCK-A receptor ligands was decreased [18, 50] . In contrast, long-term in vivo exposure over a period of 16 weeks followed by in vitro stimulation of isolated acini induced decreased CCK-8 sensitivity and an increased cellular amylase content when compared to isolated acini of untreated animals [20] .
However, when compared to these data, cigarette smoke exposure induces more widespread morphologic alterations than nicotine exposure alone, indicating that other substances contained in cigarette smoke must be involved in the induction of morphologic pancreatic damage. Especially, nitrosamines contained in cigarette smoke, such as NNK, are likely to mediate or aggravate pancreatic acinar cell damage by interfering with pancreatic regulation as well. NNK itself, which is formed during the curing process of tobacco, is a known carcinogen with the ability to induce pancreatic and other malignancies experimentally [51] [52] [53] . In humans, the pancreas must be exposed to NNK, because NNK has been detected in human pancreatic juice of smokers [6] . In rodents, NNK induces lung cancer and increases the frequency of ductal pancreatic adenocarcinomas in F344 rats [12] . In contrast to many carcinogens where DNA damage is believed to be the mode of action, not all actions of NNK are related to DNA adduct formation, and recent evidence even indicates that NNK has the ability to bind with high affinity to the alpha 7 nicotinic acetylcholine receptor and activates downstream signaling cascades [54] . In addition to the receptormediated action of NNK discovered so far in a variety of cell lines, a direct receptor-mediated action of NNK related to pancreatic regulation via acetylcholine receptors seems probable [55] [56] . These receptor-mediated events induced by NNK may suggest an involvement of alternative non-DNA-related actions of carcinogens in pancreatic carcinogenesis and explain the carcinogenic properties in spite of the difficulties to clearly correlate DNA adducts of tobaccorelated carcinogens in the pancreas to the smoking and cancer history in clinical specimens [57] .
Inflammation alters regulation of ductal genes
The presence of cigarette smoke-induced focal inflammation is a likely co-factor for inducing pancreatic cancer in conjunction with DNA-altering effects of carcinogens. So far, alterations in acinar cell gene regulation and acinar cell physiology induced by cigarette smoke can only explain the increased occurrence of chronic pancreatitis in smokers. However, the increased risk for smokers to develop pancreatic cancer cannot be explained by altered regulation in enzyme secretion of acinar cells. Thus, smoking not only exhibits regulatory effects on pancreatic acinar cells but also influences ductal cell function. This has been demonstrated by the examination of pancreatic bicarbonate secretion, where in humans' bicarbonate secretion was reduced upon cigarette smoke inhalation in a time-dependent manner [58] [59] [60] . However, in these cells, carcinogenic events are unlikely to be mediated by a disturbance of the physiologic regulation. In vitro, the impact of polycyclic aromatic hydrocarbons and NNK, two cigarette smokeassociated carcinogens, was investigated in immortalized pancreatic ductal cells [61] [62] . In these studies, NNK increased the proliferation of pancreatic ductal cells by beta-adrenergic receptor transactivation of EGFR with downstream ERK 1/2 phosphorylation, indicating one potential pro-carcinogenic effect of NNK [61] . Polycyclic aromatic hydrocarbons, namely 1-methylanthracene with bay-like structures, inhibited gap junction intercellular communications, showing that these compounds are capable to induce epigenetic events in pancreatic carcinogenesis [62] . However, when animals were exposed to environmental tobacco smoke and the regulation of genes expressed by pancreatic ductal cells, such as cystic fibrosis transmembrane conductance regulator (CFTR), carbonic anhydratase, and ductal mucins was monitored, expression levels of these genes did not seem to be related to cigarette smoke exposure alone [21] . Alterations in the gene expression of CFTR and carbonic anhydratase analyzed in animals treated with 160 mg/m 3 TSP cigarette smoke were not detected when compared to sham-treated animals. However, when pancreatic acinar cell lesions were detected and expression levels of these animals were compared to animals treated with the same dose of cigarette smoke that did not develop pancreatic morphologic lesions, CFTR and carbonic anhydratase expression was increased upon the development of acinar cell lesions Fig. 1 Experimental data on cigarette smoke-induced pancreatic damage shows several mechanisms by which detrimental effects are induced. These mechanisms include interference with pancreatic regulations by nicotine or nitrosamines, inflammatory events, carcinogen-induced DNA damage, interference of cigarette smoke constituents with anti-proteases, and possible ischemic events [21] . These data imply the possible importance of pancreatic inflammation in pancreatic cancer carcinogenesis, because already small and focal pancreatic inflammatory foci induced these alterations.
Summary and future directives
Recent data indicate a direct link between cigarette smoke inhalation and pancreatic damage in rats, which is defined by a chronic inflammatory state of the pancreas. These data resemble a possible experimental link between chronic pancreatitis and cigarette smoking but only gives indirect explanations for cigarette smoke-induced pancreatic cancer development. However, the occurrence of experimental cigarette smoke-induced pancreatic damage in rats is a model in which further studies clarifying the mechanism standing behind these observations can be performed. Current data give rise to the hypothesis that cigarette smoke-induced pancreatic damage is a multifactorial event based on cigarette smoke-induced interference with pancreatic regulation, interference of cigarette smoke components with anti-proteases, pancreatic inflammatory events, and carcinogenic or epigenetic events induced by carcinogens contained in cigarette smoke (Fig. 1) . To resolve the mechanisms responsible for cigarette smoke-induced pancreatic damage, future studies will clarify the significance of each component shown to have adverse effects on the pancreas.
